INTRODUCTION
termed a and f8 [7, 17] . The f subunit can be cross-linked to ras proteins, suggesting that the site of CAAX recognition is within Protein farnesyltransferase (FTase) is a key enzyme that is the f-subunit [17] . responsible for the post-translational modification of a number An FTase similar to the mammalian enzyme has been detected of proteins involved in cell growth. These proteins include ras in crude extracts of yeast cells [2, 18] . The requirement of two proteins, nuclear lamins and the yeast a-mating factor, which end genes, DPRI/RAMI (referred to here as DPRI) and RAM2 for with a unique C-terminal sequence, CysAAX (A is an aliphatic the yeast FTase activity suggested that the enzyme consisted of amino acid and X is the C-terminal amino acid) [1] [2] [3] [4] . This two subunits encoded by these genes. This idea was further CysAAX sequence is termed the 'CAAX box' [5] and the FTase strengthened by the detection of a significant (approx. 30 %) catalyses the addition of a farnesyl group to the cysteine. identity between DPR1 and the f-subunit of the mammalian Another type of protein prenylation involves the addition of a FTase as well as between RAM2 and the a-subunit of the geranylgeranyl group, and protein geranylgeranyltransferases mammalian FTase [19, 20] . In addition, FTase activity was (GGTases) are responsible for this type of modification [6] [7] [8] [9] [10] [11] .
detected after simultaneous expression of DPRI and RAM2 One of the interests in FTase is its potential as a target for genes in Escherichia coli [21] . Although these results point to the drugs which inhibit the action of ras proteins [12, 13] . In the case possibility that the yeast FTase consists of DPRI and RAM2 of ras proteins, farnesylation contributes to an increase in their gene products, direct evidence to support this idea has been hydrophobicity, thus facilitating their membrane localization lacking. Moreover, the yeast FTase has not been purified. [14, 15] . Because a proper membrane localization is required for
Here we report the purification of yeast FTase and show that the function of ras proteins, action of oncogenic forms of the ras the enzyme is a heterodimer consisting of two polypeptides protein can be blocked by inhibiting their membrane localization.
having approximate molecular masses of 43 and 34 kDa. The Peptide inhibitors of FTase have been reported [13] . chromatographic behaviour as well as characteristics of the yeast FTase from rat brain has been extensively characterized. This enzyme are very similar to those of the mammalian enzyme.
enzyme has strong affinity to the CAAX sequence; it binds to a column containing peptides having the CAAX sequence and is EXPERIMENTAL inhibited by tetrapeptides containing the CAAX sequence [1] . The tetrapeptide inhibition enabled the determination of se-Strains, plasmid DNAs and peptides quence requirements for the CAAX box [16] . The mammalian SPI (MATa leu2 trpl his3 ade8 cani) [22] has been used for enzyme is a heterodimer consisting of two similar-size subunits most experiments. Other Saccharomyces cerevisiae strains are
Abbreviations used: GGpp, geranylgeranyl pyrophosphate; Fpp, farnesyl pyrophosphate; CAAX, protein sequence where C = cysteine, A = aliphatic amino acid and X = any amino acid; FTase, farnesyltransferase; GGTase, geranylgeranyltransferase; GST-CIIS, glutathione S-transferase fused to the C-terminal 12 amino acids of yeast RAS2; GST-CIIL, the same as GST-CIIS except that the C-terminal serine is changed to leucine; PMSF, phenylmethanesulphonyl fluoride; DTT, dithiothreitol; LHRH, luteinizing-hormone releasing factor. § To whom correspondence should be addressed. Prenyltransferase assays and preparation of crude extracts
Prenyltransferase assays were performed essentially as described [2, 6] . Briefly, the reaction mixture (20 Expression of DPR1 protein in baculovirus-infected insect cells and production of antibody against DPR1 protein PCR was used to generate a DNA sequence containing the DPRI coding sequence of YCpDPR2.4 [24] and restriction sites suitable for subcloning into a baculovirus transfer vector. The primers used for PCR were 5'-GGGCCCGTCGACTT-AACTTGGAGAAGATAAATTGG-3' and 5'-CCCGGGGAA-TTCATGCGACAGAGAGTAGGAAGG-3'. The PCR product was treated with T4 DNA polymerase in the presence of dNTPs, digested with EcoRI and ligated into the baculovirus transfer vector pVL1392, which had been digested with SmaI and EcoRI. The sequence of the junctions at the 5' and 3' end of the DPRI gene was confirmed. The resulting plasmid, called pAcS 13, was co-transfected along with DNA of strain E2 of Autographa californica nuclear polyhedrosis virus into Spodoptera frugiperda Sf9 insect cells and recombinant viruses were isolated as described in [27] .
Expression of DPRI in the baculovirus system was accomplished by growing Sf9 cells at 1.5 x 106/ml in 50 ml or 500 ml of suspension cultures in Ex-Cell 400 medium (JHR Biosciences, Lenexa, KS, U.S.A.) at 27 'C, infected with recombinant viruses at a multiplicity of infection of 10. At 2 days after infection, the Sf9 cells were centrifuged at 1000 g for 10 min, resuspended in ice-cold lysis buffer [10 mM Hepes (pH 7.4)/ 1 mM MgCl2/l mM EGTA/1 mM PMSF] at 4 x 107 cells/ml, homogenized with 20 strokes in a Dounce-type grinder with a 'B' pestle and centrifuged at 100000 g for 1 h at 4 'C. The supernatant, referred to as the 'S100 fraction', contained DPR1 protein as determined by Coomassie Blue staining of the SDS/ polyacrylamide gel.
The baculovirus-expressed DPR1 from the S100 fraction was partially purified as follows. The SIOO fraction was applied to a DE52 column equilibrated in 20 mM Tris/HCI (pH 7.4)/ 1 mM DTT/5 % glycerol/0.lmM EDTA/0.5 mM PMSF. Elution was carried out by increasing NaCl concentration from 0 to 0.6 M. DPR1 polypeptide, as determined by SDS/PAGE, was eluted with 0.16 M NaCl and was completely separated from insect-cell FTase, which was eluted by 0.2 M NaCl. The DPR1 peak fractions were pooled, concentrated and loaded on to a Sephacryl S200 HR column using 50 mM sodium phosphate (pH 7.0)/l mM DTT/200 mM NaCl/5 % glycerol as a buffer. The fractions containing the peak of DPR1 were pooled and Pharmacia), and the elution was carried out with a salt further purified by a preparative SDS/PAGE. The region of the gel containing DPR1 was excised and the protein recovered from the gel was used to immunize rabbits. Immunoblot detection of DPRI polypeptide was carried out by transferring proteins to nitrocellulose membranes, incubating with the anti-DPR1 serum and the bound antibody was detected by a biotinylated antibody to rabbit immunoglobulin and an avidin-horseradish peroxidase complex (Vectastain ABC kit, Vector Laboratories) as described previously [28] .
RESULTS

Overexpression of DPR1 and RAM2 results in a dramatic increase of FTase activity
Cloning of the DPRI gene has previously been reported. The gene encodes a protein of431 residues and the cell-free translation product migrates as a protein of approx. 43 kDa [24] . The RAM2 gene encodes a protein of 316 amino acid residues [21] . These genes were placed on multicopy plasmids and transfected into wild-type yeast cells, either together or individually. As Figure 1 shows, extracts of cells carrying both DPRI Time (min) Figure 1 Overproduction of FTase
Extracts of SP1 cells carrying pBH28 and YEpDPR1 (0), pBH28 and YEp24 (0), YEp13 and YEpDPR1 (C), YEp13 and YEp24 (C) were prepared and FTase activity was assayed as described in the Experimental section. A 50 ,ug portion of each extract was used per 60 ul of reaction mixture, and 10 utl aliquots were removed from the reaction mixture after incubating for 2, 5 and 10 min, and the incorporation of the radioactivity was determined as described in the Experimental section. Figure 2 (a). We observed a single peak of activity that was eluted in fractions corresponding to proteins of 80-100 kDa. Comparison with the marker proteins suggested that the native molecular mass of the yeast FTase is approx. 90 kDa. SDS/ PAGE of the purified FTase revealed the presence of two major bands, as shown in Figure 2 (b). The two bands corresponded to proteins having apparent molecular masses of 43 and 34 kDa. The bands seen at 60 kDa were present even in lanes only containing sample buffer (results not shown) and thus appear to represent keratins, common artifacts of silver staining [29] . To demonstrate that the 43 and 34 kDa bands represented polypeptides associated with the FTase activity, the sample was applied to a Superose 12 column and the column fractions were analysed by SDS/PAGE. As Figure 3 shows, the two bands were detected in the fractions where the FTase activity was detected. [6] . As expected, Fpp was efficiently incorporated into GST-CIIS protein, whereas the incorporation of Fpp into GST-CIIL protein was much less efficient ( Figure 6) . Surprisingly, however, a significant level of Fpp incorporation was seen with GST-CIIL protein at high GST-CIIL concentrations. An apparent Km obtained for GST-CIIL protein was 39 ,uM at an Fpp concentration of 1.1 ,uM. Virtually no incorporation of GGpp was seen with either substrate protein (results not shown). Effects of changing concentration of substrates, Fpp and GST-CIIS protein, are shown in Figure 7 . Secondary plots from these plots, showed the KmFPP and KmGST-CIIS to be 8.1 and 5.1 ,M respectively.
Peptide Inhibition
Like its mammalian counterpart, the yeast FTase activity was strongly inhibited by the addition of peptides having a Cterminal CAAX sequence. As Figure 8 shows, the activity was inhibited by the addition of a peptide, MG14, which contained ten residues of RAS2 C-terminal sequence, SGSGGCCIIS; 50 0 inhibition was seen with 4,uM peptide. Another peptide, MG13, which contained ten residues of STE18 C-terminal sequence, NSNSVCCTLM, also inhibited FTase, with 50%0 inhibition observed in the presence of lOMM peptide. By contrast, little inhibition was seen with two control peptides of the same size, P119 and LHRH, having unrelated sequences. The rabbit sera containing the DPR1 antibody was used to probe the purified yeast FTase. As shown in Figure 9( [2, 18] ; (ii) DPR1 protein purified from E. coli can reconstitute FTase when added to the extracts prepared from dprl mutant cells [18] ; (iii) sequences of DPR1 and RAM2 proteins share a low, but significant, similarity with ,-and a-subunits respectively of the mammalian FTase [19, 20] ; (iv) extracts of E. coli cells expressing both DPRI and RAM2 exhibit FTase activity [21] . What has been lacking in these studies is the direct demonstration of [10] reported similar findings using the mammalian FTase and peptide substrates. Thus changing the C-terminal amino acid of an FTase substrate to leucine alters the substrate to be preferentially utilized by GGTase, but does not exclude it being used as an FTase substrate. This point may have to be taken into consideration when interpreting results of experiments looking at the effects of changing C-terminus of ras proteins to leucine.
Because FTase is a bisubstrate enzyme, the question arises as to the mechanism of action: ordered Bi Bi, random Bi Bi or Ping Pong. Our plot (Figure 7) appears to exclude the Ping Pong mechanism, since the plot does not show parallel slopes at different substrate concentrations. In regard to the ordered Bi Bi or random Bi Bi mechanism, our results reported in this paper appear to favour the ordered Bi Bi mechanism. The doublereciprocal plot (Figure 7) shows that Km 
